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ABSTRACT
We have measured stellar parameters, [Fe/H], lithium abundances, rotation, and 12C/13C in a small
sample of red giants in three open clusters that are each home to a red giant star that hosts a substellar
companion (NGC2423 3, NGC4349 127, and BD+12 1917 in M67). Our goal is to explore whether
the presence of substellar companions influences the Li content. Both 12C/13C and stellar rotation are
measured as additional tracers of stellar mixing. One of the companion hosts, NGC2423 3, is found
to be Li-rich with A(Li)NLTE =1.56 dex, and this abundance is significantly higher than the A(Li) of
the two comparison stars in NGC 2423. All three substellar companion hosts have the highest A(Li)
and 12C/13C when compared to the control red giants in their respective clusters; however, except for
NGC2423 3, at least one control star has similarly high abundances within the uncertainties. Higher
A(Li) could suggest that the formation or presence of planets plays a role in the degree of internal
mixing on or before the red giant branch. However, a multitude of factors affect A(Li) during the
red giant phase, and when the abundances of our sample are compared to abundances of red giants
in other open clusters available in the literature, we find that they all fall well within a much larger
distribution of A(Li) and 12C/13C. Thus, even the high Li in NGC2423 3 cannot be concretely tied
to the presence of the substellar companion.
Subject headings: open clusters and associations: individual (NGC 2423, NGC 4349, M67) - stars:
abundances - stars: chemically peculiar - stars: late-type
1. INTRODUCTION
The abundance of lithium, A(Li), in stellar photo-
spheres is a useful diagnostic of a variety of phenom-
ena related to the internal mixing near the stellar sur-
face. It has been used as a crude clock for some low
mass main sequence (MS) stars (see Sestito & Randich
2005 for uses and limitations) and to study non-standard,
i.e., non-convective, mixing processes in red giant (RG)
stars (Gratton et al. 2000, Denissenkov & VandenBerg
2003, Guandalini et al. 2009). Moreover, studies of MS
stars suggest that the planet formation process may alter
the stellar A(Li) early in the star’s life by causing en-
hanced Li-depletion (e.g., Israelian et al. 2009, Gonzalez
2014, and references therein), which is supported the-
oretically (e.g., Baraffe & Chabrier 2010). However,
whether A(Li) of MS planet hosts truly differs from
apparently planet-free stars after controlling for stellar
ages, masses, etc. is still hotly debated (e.g, Ghezzi et al.
2010b, Baumann et al. 2010, Ramı´rez et al. 2012).
Because the number of known RGs that host planets
or other substellar companions (SSCs) lags considerably
behind the number of MS hosts, there is not much known
about whether Li in planet hosts is substantially differ-
ent from non-planet hosts. Ten RG planet hosts were
included in the Carlberg et al. (2012) study of Li and
rotation in RGs, and the planet hosts did not show any
unusual A(Li). Two SSC hosts were included in a con-
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temporaneous study of A(Li) in open clusters, and these
appear to have enhanced A(Li) (Delgado Mena et al.
2015). Most recent studies comparing the abundance
patterns of RG planet hosts and non-hosts have not in-
cluded Li in their analyses (e.g., Maldonado et al. 2013
and Jofre´ et al. 2015).
Complicating any comparisons between SSC hosts and
control populations are the difficulty in estimating ac-
curate masses for RGs and the large dispersion of A(Li)
seen in RGs—at least three orders of magnitude for “nor-
mal” RGs and two more orders of magnitude when in-
cluding the rare Li-rich stars. Li-rich stars, generally con-
sidered to be those with A(Li)& 1.5 dex, exceed the Li
abundances predicted by standard models, and the addi-
tion of non-standard mixing tends to predict lower A(Li)
(e.g., Charbonnel 1995, Denissenkov & VandenBerg
2003) except in special cases (Sackmann & Boothroyd
1999, Palacios et al. 2001, Denissenkov & Herwig 2004).
Other physical properties of red giants that are as-
sociated with Li-richness include fast rotation (e.g.,
Drake et al. 2002 and Carlberg et al. 2012) and in-
frared excesses (e.g., de la Reza et al. 2015 and refer-
ences therein). Siess & Livio (1999) suggested that high
Li, fast rotation, and infrared excess could all be plau-
sibly explained by the engulfment of planets or brown
dwarfs. At least one planet-hosting RG in the field is
known to be Li-rich (Adamo´w et al. 2012).
Open clusters have historically been used to under-
stand the mixing processes that affect the abundances of
Li and other elements during the red giant phase, espe-
cially to discern the mass dependence. Mixing in RGs
not only dilutes Li but also alters the surface C, N, and
O abundances and reduces 12C/13C. While the first evi-
dence of non-standard mixing in Population I stars was
found for field RGs (e.g., Tomkin et al. 1976 and refer-
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ences therein), Gilroy (1989) was the first to study the
mass dependence using open clusters. She found a pos-
itive correlation between 12C/13C and the cluster turn-
off mass up to 2.2 M⊙ but no correlation between A(Li)
and the turn-off mass. Smiljanic et al. (2009) found the
same correlation between 12C/13C and turn-off mass and
also identified a small grouping of massive stars with low
12C/13C. They interpreted this as a signature of extra
mixing taking place during the early-AGB stage.
Extra mixing also occurs in low mass stars at the lu-
minosity bump phase (the stage when the H-burning
shell encroaches on the region of the star that was
well mixed by convection during first dredge-up) where
additional Li depletion occurs via thermohaline mix-
ing (Charbonnel & Zahn 2007). Evidence of this mix-
ing is seen in the dichotomy of A(Li) in open clusters
in the region of the color-magnitude diagram (CMD)
where red clump stars and first ascent stars over-
lap (e.g., Pilachowski et al. 1988, Pasquini et al. 2001,
Anthony-Twarog & Twarog 2004, Pasquini et al. 2004,
Anthony-Twarog et al. 2009 )
Open clusters were also instrumental in progressing our
understanding of a mass-dependent Li-depletion mecha-
nism in MS stars, known as the Li-dip. This feature was
first found in the Hyades (Boesgaard & Tripicco 1986),
where MS stars in a very narrow temperature range show
a large depletion in Li compared to stars that are both
hotter and cooler. Cummings et al. (2012) showed that
the mass at which the Li-dip occurs increases with in-
creasing metallicity. Understanding the amount of Li
depletion on the main sequence is of course necessary for
interpreting the abundances measured at later stages of
evolution.
The goal of this study is to test whether the presence of
substellar companions affects the level of A(Li) observed
during the red giant phase. Given the complex evolu-
tion of Li throughout a stars’s life, we focused the study
on three substellar companion-hosting RGs (2 planetary
mass and 1 brown dwarf mass companion) that are mem-
bers of open clusters. Cluster membership allows for a
more precise estimate of the stellar masses and, impor-
tantly, the comparison to other RGs of nearly identical
mass and composition, which provides a better opportu-
nity for isolating effects due to the presence of compan-
ions. Therefore, we also present A(Li) for 1–3 red giants
in each cluster that are not known to host planets. We
also measure 12C/13C and v sin i to explore possible dif-
ferences in the stars’ mixing histories.
2. CLUSTERS PROPERTIES AND STELLAR
SAMPLE
Most of the stars in this study come from
Lovis & Mayor (2007), which describes their program for
monitoring RGs in 13 open clusters for planetary com-
panions. Their sample includes 6 stars in NGC 2423 (3,
43, 240, 73, 20, and 56) and 7 stars in NGC 4349 (127,
174, 53, 168, 203, 5, and 9). In both clusters, a SSC
was discovered around the brightest (presumably most
evolved) star monitored in each cluster. Two additional
stars come from Brucalassi et al. (2014), who discovered
three planet-hosting stars (two MS stars and one RG)
among a large sample of M67 stars being monitored for
companions. Again, the planet was discovered around
one of the most evolved stars monitored.
M67 is one of the most well-studied open clusters and
has a near-solar age and metallicity. We adopt an age of
4.3 Gyr, E(B − V ) = 0.04, and d = 832 pc for M67
from Salaris et al. (2004) and [Fe/H]=−0.06 (see Sec-
tion 4.1). A Bressan et al. (2012) isochrone with these
properties gives the masses of the stars on the red gi-
ant branch (RGB) to be ∼1.3 M⊙, consistent with the
mass adopted in Brucalassi et al. (2014) for the planet
hosting star (1.35 ± 0.05 M⊙). In the top left column
of Figure 1, we show the CMD of M67 with photome-
try fromMontgomery et al. (1993) and the Bressan et al.
(2012) isochrone with the adopted cluster parameters.
The planet hosting star is BD+12 1917, and we selected
BD+12 1926 as a comparison star for its very similar
color and magnitude.
The properties of the other two clusters are more dis-
puted. Lovis & Mayor (2007) adopted the cluster pa-
rameters available in WEBDA for NGC 2423, and we
also adopt those values for the age (log τ=8.867), red-
dening (E(B − V )=0.097), and distance (d=766 pc).
They adopted [Fe/H] of +0.14± 0.09 from Twarog et al.
(1997). However, more recent studies find lower metal-
licities (Mortier et al. 2013 and Heiter et al. 2014). Our
measured [Fe/H] is −0.01 dex. In the middle left panel
of Figure 1, we show optical photometry (Hassan 1976)
of the cluster together with an isochrone adopting the
metallicity of −0.01 dex. The planet host is NGC 2423 3,
and the two comparison stars were selected to bracket
that star in magnitude. The thin-lined/open symbols of
the three RGs we target show the photometry of Hassan
(1976), while the thicker/filled symbols show the updated
photometry of these stars (Høg et al. 2000) used in Sec-
tion 5.
For NGC 4349, the available WEBDA values
are log τ=8.315, E(B − V )=0.384, and d=2176 pc.
Lovis & Mayor (2007) adopted [Fe/H]=−0.12± 0.04 dex
from Piatti et al. (1995). Newer studies make substan-
tial changes to these parameters. Majaess et al. (2012)
re-derived cluster properties using infrared photometry
and found the cluster to be older (log τ=8.55), closer
(d=1630 pc) and less-reddened (E(B−V )=0.291). Their
results were insensitive to adopted metallicity. We find a
metallicity of [Fe/H]=−0.15 dex. The bottom left panel
of Figure 1 shows the optical photometry of Lohmann
(1961), corrected to the standard photometry system
with the corrections given by Majaess et al. (2012). The
isochrones adopt the Majaess et al. (2012) properties and
our metallicity. The SSC host is the brightest RG,
NGC 4349 127, and we selected three apparently less-
evolved RGs as comparison stars. Majaess et al. (2012)
revised the mass measurement of NGC 4349 127 from
3.9± 0.3 M⊙ (Lovis & Mayor 2007) down to ∼ 3.1 M⊙,
which would lower the companion’s m sin i from 19.8 to
17.0 MJup.
3. OBSERVATIONS
All of the stars analyzed in this study were observed
with the Magellan Inamori Kyocera Echelle (MIKE)
spectrograph between May 2012 and March 2014 us-
ing the 0.5′′ slit, which results in a resolving power of
Rλ ∼ 44,000. The data were reduced with the Carnegie
python pipeline (Kelson 2003)5, which completes stan-
5 Available at http://code.obs.carnegiescience.edu/mike
3Fig. 1.— Optical CMDs (left column) and Teff -log g diagrams
(right column) of M67 (top row), NGC 2423 (middle row), and
NGC 4349 (bottom row). The × is the SSC hosting star in each
cluster, and the large, blue circles are the comparison stars. Pho-
tometry for M67 comes from Montgomery et al. (1993). The pho-
tometry for NGC 2423 comes from Hassan (1976), with the thin-
lined/open symbols for the target stars. The thicker/filled symbols
of the target stars correspond to the photometry from Høg et al.
(2000). Photometry for NGC 4349 comes from Lohmann (1961),
after applying the corrections suggested by Majaess et al. (2012).
dard CCD processing (overscan subtraction, bad pixel
masks, flat fielding, sky subtraction), and extracts and
wavelength calibrates the target spectra. Only data
from the red arm of the spectrograph, covering 4800–
9400 A˚, were used in this analysis. The 34 echelle orders
were combined to a one-dimensional format and velocity
shifted to the stellar rest frame. The signal-to-noise ratio
(S/N) of the data is 150–250 near 6700 A˚.
4. STELLAR PARAMETERS AND ABUNDANCES
4.1. Teff , log g, [Fe/H], & ξ
The stellar parameters of Teff , log g, [Fe/H], and ξ
were measured spectroscopically using equivalent widths
(EWs) of Fe I and Fe II lines. We used the Carlberg et al.
(2012) Fe line list, and measured EWs for 72 Fe I and
13 Fe II lines. These measurements are given in Ta-
ble 1. We used the ‘abfind’ driver in the 2014 re-
lease of MOOG (Sneden 1973) to compute A(Fe) from
the EWs, using MARCS spherical atmosphere models
(Gustafsson et al. 2008, Plez 2008). The parameters of
the atmospheric models were adjusted until the output
A(Fe I) and A(Fe II) were within 0.02 dex and there was
no correlation between the output A(Fe I) and either the
lines’ excitation potentials or reduced EWs. The results
are given in the first six columns of Table 2. The σ[Fe/H]
column is the standard deviation of the Fe I lines.
We find average cluster metallicities of [Fe/H] =
−0.01 dex (σ = 0.02) for NGC 2423, [Fe/H] = −0.15 dex
(σ = 0.06) for NGC 4349, and [Fe/H] = −0.06 dex
(σ = 0.00) for M67. Our measured Teff and log g are
compared to the cluster isochrones in the right panels
of Figure 1. A representative error bar is given in each
panel. The stellar parameters are in excellent agreement
with the cluster isochrones.
In Table 3, we compare our measurements of the stel-
lar parameters of the SSC hosts to the values reported in
the literature. Ghezzi et al. (2010a) and Mortier et al.
(2013) measured parameters for two of the stars. For
NGC 2423 3, our result is intermediate to these two stud-
ies. For NGC 4349 127, our Teff and ξ are lower than
both studies, but generally agree within the uncertain-
ties. For BD+12 1917, all of our parameters agree with
Brucalassi et al. (2014) within the uncertainties.
4.2. Lithium and 12C/13C
Both A(Li) and 12C/13C were measured via spectral
synthesis using the line lists and general procedure of
Carlberg et al. (2012). The Li line list was originally
published by Ghezzi et al. (2009). We adopted scaled-
solar abundances for each star, using the solar values
in Asplund et al. (2009). Since RGs have completed
first dredge-up, their C/N are not solar, but the total
abundance of C+N is conserved. We adopted a ratio of
C/N= 1.5 and an initial guess of scaled-solar abundances
for C+N. However, C+N was a free parameter in the syn-
thesis fits. When fitting the Li I doublet near 6708 A˚, all
of our stars required an increase in the C and N abun-
dances. We used a simple gaussian broadening to fit the
spectral region, which varied from 0.15–0.26 A˚, with the
exception of NGC 4349 9, which was best fit by includ-
ing rotational broadening of 10 km s−1 on top of 0.15 A˚
of gaussian broadening. The local thermodynamic equi-
librium (LTE) abundances were corrected for non-LTE
(NLTE) effects by interpolating the grid of corrections
computed by Lind et al. (2009).
12C/13C was measured by fitting the spectral features
of 12CN and 13CN in the 8001–8006 A˚ spectral region.
The C+N abundances were again left as free parameters
with the ratio still fixed at 1.5. Generally, the stars re-
quired 0.05 dex less of each element in the fit for 12C/13C
than in the fit for A(Li).
The results for 12C/13C and A(Li) are given in columns
7–9 of Table 2 and are plotted in Figure 2. NGC 2423 3,
one of the planet hosts, is found to be Li-rich with
A(Li)NLTE=1.56 dex. This abundance is over an order
of magnitude larger than the two comparison stars. The
brown dwarf host in NGC 4349 (star 127) also has the
4 Carlberg et al.
TABLE 1
Iron Line Equivalent Widths
λ Species χ log gf EW1 EW2 EW3 EW4 EW5 EW6 EW7 EW8 EW9
(A˚) (eV) (dex) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚) (mA˚)
5307.36 26.0 1.61 -2.99 185.2 186.1 172.1 176.7 147.6 154.9 150.4 189.6 179.4
5322.04 26.0 2.28 -2.80 134.65 138.4 128.6 130.0 106.2 112.9 105.1 143.7 132.8
5466.99 26.0 3.57 -2.23 91.9 91.9 83.9 88.9 66.8 68.2 65.3 90.9 84.9
5491.83 26.0 4.19 -2.19 42.9 43.6 43.2 45.2 31.3 35.7 31.2 44.9 44.8
5522.45 26.0 4.21 -1.56 78.5 78.7 79.0 83.2 69.7 68.3 70.9 84.7 83.0
Note. — (This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for
guidance regarding its form and content.)
1 BD+12 1917
2 BD+12 1926
3 NGC 2423 3
4 NGC 2423 15
5 NGC 2423 73
6 NGC 4349 5
7 NGC 4349 9
8 NGC 4349 127
9 NGC 4349 174
TABLE 2
Measured Stellar Parameters and Abundances
Star Teff log g [Fe/H] σ[Fe/H] ξ A(Li)LTE A(Li)NLTE
12C/13C v sin i
(K) (dex) (dex) (dex) (km s−1) (dex) (dex) (km s−1)
NGC 2423 15 4600. 2.25 −0.04 0.11 1.56 <−0.39 <−0.11 19 < 2
NGC 2423 3 4600. 2.35 −0.02 0.11 1.51 +1.30 +1.56 24 < 2
NGC 2423 73 5020. 2.95 +0.01 0.10 1.42 +0.16 +0.32 17 < 2
NGC 4349 127 4370. 1.70 −0.20 0.11 1.70 +0.94 +1.26 23 < 2
NGC 4349 174 4570. 2.05 −0.15 0.11 1.69 +0.59 +0.87 21 < 2
NGC 4349 5 5030. 2.50 −0.06 0.10 1.62 <+0.49 <+0.66 20 4.7
NGC 4349 9 4960. 2.35 −0.18 0.11 1.53 +1.00 +1.18 20 7.5
BD+12 1917 4330. 2.06 −0.06 0.12 1.55 −0.81 −0.50 16 < 2
BD+12 1926 4300. 2.03 −0.07 0.12 1.53 −0.82 −0.50 14 < 2
TABLE 3
Stellar Parameter Comparison
Teff log g [Fe/H] ξ Source
(K) (dex) (dex) (km s−1)
NGC 2423 3
4600 ± 72 2.35± 0.16 −0.02± 0.11 1.51± 0.06 this work
4545 ± 71 2.20± 0.20 −0.08± 0.05 1.55± 0.07 Mortier et al. (2013)
4680 ± 100 2.55± 0.20 +0.00± 0.13 1.67± 0.20 Ghezzi et al. (2010a)
NGC 4349 127
4370 ± 78 1.70± 0.22 −0.20± 0.11 1.70± 0.06 this work
4445 ± 87 1.64± 0.23 −0.25± 0.06 1.84± 0.08 Mortier et al. (2013)
4519 ± 100 1.92± 0.2 −0.21± 0.12 2.08± 0.20 Ghezzi et al. (2010a)
BD+12 1917
4330 ± 83 2.06± 0.21 −0.06± 0.13 1.55± 0.07 this work
4284 ± 9 2.2± 0.06 −0.02± 0.04 · · · Brucalassi et al. (2014)
highest A(Li) compared to the control stars, although
its abundance is consistent with that of one of the con-
trol stars (star 9) within the uncertainties. All but one
of the control stars (NGC 2423 15) in these two clus-
ters have been monitored for substellar companions by
Lovis & Mayor (2007), with no companions yet found.
The two stars analyzed in M67 appear to have identical
A(Li), but the control star has not been monitored for
substellar companions.
There is also a tight correlation (Spearman’s rank cor-
relation coefficient, ρ = 0.96 with P ∼ 3×10−5) between
A(Li) and 12C/13C for the stars in this study that may
suggest the stars are showing different levels of dilution.
Excepting the Li-rich star, the correlation also progresses
with cluster age (and thus stellar mass) with the youngest
cluster showing the highest abundances (least dilution)
5Fig. 2.— A(Li) versus 12C/13C for the stars in this study (circles,
SSC hosts are filled symbols). The typical uncertainty is shown in
the top right.
and the oldest cluster showing the lowest abundances
(most dilution). This dilution scenario is explored in
more detail in Section 6.3. In all cases, the SSC host-
ing red giant in each cluster has the largest A(Li) and
12C/13C compared to the other members we analyzed,
although only NGC2423 3 has abundances that are sig-
nificantly different from the other RGs in the cluster. In
Section 6.1, we explore whether the abundance patterns
are consistent with the relative evolutionary stages of the
stars in each cluster.
4.3. v sin i
The stellar rotational velocity (v sin i) was measured
for each star by fitting profiles to six unblended iron lines
as in Carlberg et al. (2012). Macroturbulence (ζ) values
were computed using each’s stars Teff and the Teff-ζ rela-
tionship given in Hekker & Mele´ndez (2007) for luminos-
ity class III stars (∼5 km s−1). For the NGC 2423 and
M 67 stars, the combination of instrumental broadening
and ζ created profiles broader than the observed lines for
no rotation. For these stars, we used ζ appropriate for
luminosity class IV stars (∼3 km s−1). Our measured
v sin i are given in the last column of Table 2. We found
that almost all of the stars have very slow rotation, with
v sin i< 2 km s−1. Only NGC4349 5 and NGC4349 9
have measurable rotation rates of 4.7 and 7.5 km s−1,
respectively. Given these stars’ location near the base of
the RGB in the CMD in Figure 1, this result is consistent
with the picture that these stars are still spinning down.
NGC4349 9’s position on the Teff -log g diagram could
also be consistent with the red clump. Rotation mod-
els of intermediate mass stars, which leave the MS with
much higher rotation rates than low mass stars, show
that this rotation rate is still within the predicted red
clump rotation for the fastest rotators (e.g., Tayar et al.
2015).
5. STELLAR MASSES
One of the advantages of studying RGs in open clus-
ters is that their stellar ages and thus masses are bet-
ter constrained than for the typical field RG. However,
changes to the inferred cluster age and metallicity affects
the isochronal mass estimate for the RGs, and this is
particularly problematic for the two NGC clusters whose
properties are less well constrained than M67. For the
SSC hosts in these two clusters, there is also a discrep-
ancy between the mass estimates derived purely from
cluster isochrones and those that rely on the individ-
ual stars’ spectroscopic information. Both Ghezzi et al.
(2010a) and Mortier et al. (2013) used the online code
PARAM6 (da Silva et al. 2006) to estimate the likely
stellar mass, age, log g, and radius of planet-hosting RGs.
Ghezzi et al. (2010a) find 2.16±0.38M⊙ for NGC 2423 3
and 3.77 ± 0.36 M⊙ for NGC 4349 127. In contrast,
Mortier et al. (2013) find M = 1.18 ± 0.26 M⊙ for
NGC 2423 3 andM = 1.37±0.37M⊙ for NGC 4349 127.
Some of the difference in these two calculations may re-
sult from different adoptions of reddening to the stars.
Both studies find a lower mass for NGC2423 3 compared
to the 2.4 M⊙ adopted by Lovis & Mayor (2007). The
mass of NGC4349 127 by Ghezzi et al. (2010a) is well
within the range of previous mass estimates based on
stellar isochrone fitting (3.1–3.9M⊙, see Section 2), while
Mortier et al. (2013) finds a substantially lower mass.
We can add an additional mass estimate using our
measured Teff and log g combined with literature V -
band photometry and adopting a distance and redden-
ing to each cluster. We adopt V magnitudes from the
Tycho-2 catalog (Høg et al. 2000), which are available
for all of the NGC 2423 stars and NGC 4349 127. These
are converted to the Johnson magnitude system. Mag-
nitudes for the remaining NGC 4349 stars come from
Mermilliod et al. (2008). The adopted reddening and
distances, given in Section 2, allows us to compute ab-
solute V magnitudes, MV . These are converted to bolo-
metric luminosities (Lbol) using the bolometric correc-
tions in Table 1 of Torres (2010). The stellar mass is
then derived from M = gLbol/(G4πσBT
4
eff), where σB
is the Stefan-Boltzmann constant, and G is the gravita-
tional constant.
We find that the NGC 2423 RGs have masses between
1.9–2.4 M⊙, with an average of 2.1 M⊙. The planet
hosting star has M ∼ 1.9 M⊙. The mass estimates
for the NGC 4349 RGs range from 2.2–3.3 M⊙, with
an average of 2.8M⊙. The brown dwarf hosting star has
M ∼ 2.4M⊙. The typical total uncertainty in the mass is
∼ 55%. Like the other mass estimates that rely on some
spectroscopic information, our results favor lower masses
than those that rely purely on photometric isochrone fit-
ting.
6. DISCUSSION
6.1. Expected A(Li) in Each Cluster
In the following subsections, we discuss the relative
evolutionary stages of the RGs in each cluster individu-
ally. The masses of the RGs are different enough that
very different processes affecting the Li evolution are rel-
evant for each cluster. One crucial difference on the RGB
is whether the stars have degenerate (lower mass stars)
or non-degenerate He cores (higher mass stars). For
solar-metallicity stars, the critical mass separating these
regimes is ∼ 2.2 M⊙ (Charbonnel & Lagarde 2010). For
stars with non-degenerate He cores, Li evolution should
6 Available at http://stev.oapd.inaf.it/cgi-bin/param.
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cease once the stars complete first dredge-up. Stars with
degenerate He cores will evolve through both the lumi-
nosity bump and He flash stages of evolution, and both
of these stages have been suggested to alter RGs’ A(Li)
(e.g., Sackmann & Boothroyd 1999, Kumar et al. 2011).
6.1.1. NGC 2423
The NGC 2423 stars are near the transition mass sep-
arating degenerate and non-degenerate He cores. This
fact is especially relevant for trying to understand the
enhanced A(Li) of NGC 2423 3. Its evolutionary stage
appears to be intermediate to the other two stars ana-
lyzed in the cluster and only slightly less evolved than
NGC 2423 15. If the lower mass estimates are correct,
then the star may have recently evolved through the lu-
minosity bump, which could explain its higher A(Li) if
thermohaline mixing took place at the luminosity bump
(e.g., Charbonnel & Lagarde 2010). In this scenario,
however, one would expect the similarly evolved com-
parison star NGC 2423 15 to also show high Li. On the
other hand, if the higher mass inferred from the cluster
age is correct, then the star will transition to the core He
burning stage without any thermohaline mixing taking
place—as is evident by the lack of a bump feature in the
isochrone in Figure 1. In that case, the enriched Li may
be better explained as coming from an external source,
such as planet engulfment.
The A(Li) results in NGC 2423 could also be de-
scribed as a bifurcation or bimodal distribution of A(Li),
which has also been seen in NGC 752, NGC 3680, and
IC 4651 (e.g., Pilachowski et al. 1988, Pasquini et al.
2001, Anthony-Twarog & Twarog 2004, Pasquini et al.
2004, Anthony-Twarog et al. 2009). The RGs in these
clusters all have masses ∼1.8–1.9 M⊙, within the range
of mass estimates for NGC 2423 but favoring the degener-
ate He-core case. One interpretation of the bifurcation is
that it is discriminating between first ascent RGs (high
A(Li)) and red clump stars (low A(Li)) that are occu-
pying the same locus on the CMDs (Pilachowski et al.
1988). This interpretation was used by Pasquini et al.
(2004) to argue that the RGs in NGC 3680, which mostly
show high A(Li), are dominated by first ascent stars.
However, since red clump stars should be more common
than first ascent stars, Pasquini et al. (2001) argued that
it was possible that the red clump stars in NGC 3680
were in fact the high A(Li) stars. These studies fur-
ther complicate the interpretation of NGC 2423 3 and
whether its high Li is related to the presence of the planet
or to its evolutionary stage.
6.1.2. NGC 4349
The NGC 4349 RGs are almost certainly above the
mass threshold for non-degenerate He cores. The most
similar comparison star to the SSC host is star 174, which
is less evolved than the SSC host unless 174 is on the
AGB and 127 is on the RGB. Star 127’s A(Li) exceeds
174’s even after accounting for the 0.15 dex uncertainty
in the abundance, which suggests that the high Li is sig-
nificant. However, if star 127 is on the AGB track and
not the RGB track, it would be at the right luminos-
ity to be undergoing an early-AGB extra-mixing phase
that could replenish its Li (Charbonnel & Balachandran
2000).
The evolutionary status of the other two comparison
stars are more difficult to interpret. Stars 5 and 9 have
nearly identical colors and magnitude yet one has the
lowest A(Li) and one the second largest A(Li) of the four
stars observed. They fall on the region of the isochrone
where it is most difficult to discriminate first ascent and
clump stars. The higher A(Li) of star 9 may be because it
is at the base of the RGB and has not yet completed first
dredge-up, while star 5 is in the red clump and thus has
undergone the most Li depletion. If this interpretation is
correct and the SSC host is an RGB star, than the high
A(Li) of the SSC host may be significant and due to the
presence of the companion.
6.1.3. M67
M67’s RGs are definitively in the degenerate He core
mass regime, and the two RGs studied here have evolved
beyond the luminosity bump. The bump can be seen
in M67’s isochrone in Figure 1 at log g ∼ 2.6 and
logTeff ∼ 3.67. The Li evolution of RGs in M67 is
more complex than that of the other two clusters. In
addition to the possible alterations to Li at the luminos-
ity bump, the RGs in M67 are also likely the evolved
counterparts of Li-dip stars. The Li-dip refers to a fea-
ture seen when plotting A(Li) of main sequence stars
in open clusters as a function of Teff , and thus mass
(Boesgaard & Tripicco 1986). For a narrow range of
masses, A(Li) is considerable lower than stars that are
slightly more or less massive. For solar metallicity, this
mass is 1.38 ± 0.04 M⊙ (Anthony-Twarog et al. 2009).
Recall that Brucalassi et al. (2014) found 1.35±0.05M⊙
for the planet-hosting star. This could explain why the
A(Li) of the literature M67 RGs (see Section 6.2) all
have higher A(Li) than our two stars if the literature
stars all evolved from stars just outside of the Li-dip.
The comparison star in this work is nearly identical to
the planet host in every way. Thus, there is no evidence
that the presence of the planet has affected the stellar
A(Li) (though we note that the comparison star has not
been monitored for companions).
6.2. Comparison to Other Red Giants
In Figure 3, we compare our measurements of A(Li)
and 12C/13C to open cluster RGs and field RGs in the
literature. The field giants come from Lambert et al.
(1980). Over half of the open cluster sources come
from Gilroy (1989), which notably includes four RGs in
the Hyades including the planet host ǫ Tau (Sato et al.
2007). Gilroy (1989) found that the mean 12C/13C
of each cluster was positively correlated with the clus-
ter turn-off mass (similar to what we find) whereas
the average A(Li) showed no correlation with turn-off
mass. Although the Gilroy (1989) study included M67
stars, only 12C/13C was measured for them. However,
there are five stars in M67 for which we have A(Li)
measured by Canto Martins et al. (2011) and updated
12C/13C measured by Tautvaiˇsiene et al. (2000). Fig-
ure 3 also includes four NGC 6819 RGs that combine
A(Li) come from Anthony-Twarog et al. (2013) with
12C/13C from Carlberg et al. (2015). The remaining
stars come from Luck (1994), Gonzalez & Wallerstein
(2000), Santrich et al. (2013), Monaco et al. (2014) and
Bo¨cek Topcu et al. (2015), where each study provided
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With the exception of the NGC 6819 stars and the Trum-
pler 5 stars (Monaco et al. 2014), all of the literature
studies presented only LTE abundances and thus have
had NLTE corrections applied in the same way by us.
Among the field stars, there is a correlation be-
tween A(Li) and 12C/13C that is especially apparent at
12C/13C < 15. Lambert et al. (1980) suggested that
these stars have masses < 1.3 M⊙. In contrast, the
open cluster stars generally have masses > 1.3 M⊙ and
show no correlation between A(Li) and 12C/13C. In the
broader context of these literature abundances, none of
our stars’ A(Li) and 12C/13C appear unusual, but the
tight correlation we found in Figure 2 is significant. We
tested the likelihood that drawing nine stars at random
from either the full sample of open cluster stars or the
large Gilroy (1989) subsample would have abundances
as correlated as in our sample (ρ ≥ 0.96), and we found
the probability to be low. The likelihood is ∼0.2% for
the Gilroy (1989) sub-sample and ∼0.03% for the entire
literature open cluster sample.
If the correlation between A(Li) and 12C/13C that we
find is real, the lack of such a correlation in the literature
open cluster sample may be due in part to the fact that
it was not homogeneously analyzed. For example, there
are seven stars in common between Tautvaiˇsiene et al.
(2000) (adopted 12C/13C for M67 literature stars) and
Gilroy (1989) and Gilroy & Brown (1991) that we can
compare. The newer measurements find larger 12C/13C
for all but one of the stars in common, with ∆12C/13C
ranging from −3 to 14. Alternatively, the large literature
sample may simply indicate a more complex relationship
between A(Li) and 12C/13C in more massive stars. Be-
cause lithium is more sensitive to the details of mixing
than 12C/13C, different degrees of non-standard mixing
could lead to a wide spread of A(Li) at a given 12C/13C
(see Section 6.3). Additionally, any replenishment of Li
due to companion engulfment will further confuse any re-
lationship between A(Li) and 12C/13C that is due solely
to stellar evolution processes.
6.3. The Role of Non-Standard Mixing in Abundances
The correlation between A(Li) and 12C/13C seen in
Figure 2 suggests that the stars have experienced differ-
ent levels of mixing, since both A(Li) and 12C/13C are
reduced by deeper mixing. To explore this possibility, we
compare the observed A(Li) and 12C/13C to model pre-
dictions from Lagarde et al. (2012) in Figure 4. These
models were run to explore the differences between mod-
els that adopt standard mixing only and those that in-
clude both thermohaline and rotation-induced mixing.
The mass range of the models brackets the mass range
of the stellar sample. The observed data are color-coded
to match the closest matching model mass, and com-
parisons between the individual model masses and all
of the models together are shown in separate panels.
The standard models reproduce well the upper enve-
lope of A(Li) for 12C/13C> 20. The models that in-
clude other mixing processes reproduce the lower range
of A(Li) for a wider range of 12C/13C. Only one initial
condition for non-zero rotation was considered in these
models. Charbonnel & Lagarde (2010) showed that stars
with lower MS rotation rates had less rotation-induced
Fig. 3.— A(Li) versus 12C/13C for the stars in this study (as in
Figure 2), with additional open cluster stars plotted from literature
sources (Gilroy 1989, Luck 1994, Gonzalez & Wallerstein (2000),
Santrich et al. 2013, Monaco et al. 2014, Anthony-Twarog et al.
2013, Bo¨cek Topcu et al. 2015, Carlberg et al. 2015.). The small,
green squares highlight the Hyades, and the filled, green square is
the planet host, ǫ Tau. The M67 stars from the literature (large,
purple squares) combine 12C/13C from Tautvaiˇsiene et al. (2000)
with A(Li) from Canto Martins et al. (2011). The field giants come
from Lambert et al. (1980). All of the literature studies that only
published LTE abundances have been corrected for NLTE effects.
Dashed lines connect 4 stars in NGC 752 that were analyzed in
two independent studies.
mixing and thus higher A(Li) as RGs. Since the ma-
jority of our stars have abundances that fall between the
standard models and the rotation models, we can assume
that these stars had slower MS rotation rates than what
was adopted for the models. However, the models fail to
reproduce the stars with low 12C/13C but relatively high
A(Li).
With the exception of the M67 stars, all of the open
cluster stars with known SSCs are more massive than
the Kraft break (∼1.3 M⊙, Kraft 1967) and thus have
a wide range of rotation rates on the MS. Thus, for the
SSC hosts in NGC 2423, NGC 4349 and the Hyades,
the relative A(Li) compared to the non-hosts may relate
to different amounts of rotational mixing on the main
sequence. In these clusters, the SSC hosts have either
considerably higher (NGC 2423) or comparable A(Li) to
the other stars in the cluster; therefore, we can conclude
that the SSC hosts had comparable or smaller MS rota-
tion rates than the non planet hosts. This interpretation
is in conflict with the results of Alves et al. (2010), who
found observationally that planet hosting MS stars tend
to have higher angular momentum than their planet-less
counterparts, especially at masses & 1.3 M⊙. On the
other hand, Chaname´ et al. (2005) demonstrated that
the degree of rotational mixing on the RGB for the same
MS turn-off rotation was sensitive to the steepness of the
differential rotation profile of the star. Thus, if the planet
hosts had similar turn-off rotation rates to the stars in
their respectively clusters, their higher observed A(Li)
and 12C/13C may also indicate a shallower rotation pro-
file, rather than a slower MS rotation rate, compared to
the other cluster stars.
6.4. Li in Planet-Hosting Red Giants
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Fig. 4.— A(Li) and 12C/13C for all of the open cluster stars presented in Figure 3 (circles, filled symbols are SSC hosts), compared to
Lagarde et al. (2012) models of how these abundances change under standard mixing (solid lines) and adding thermohaline and rotation-
induced mixing (dashed lines). The color-coding indicates the mass of the models, and the first seven panels show a single-mass model and
the observed stars with turn-off masses closest to the model mass. The last panel shows all of the data and models together. The standard
models do not include a 1.2 M⊙ model. The 1.2 M⊙ rotation model is plotted, but it predicts A(Li) a few orders of magnitude below the
plot range shown.
The first Li-rich planet hosting star, BD+48 740
(Adamo´w et al. 2012), is a field star and has A(Li)NLTE
of 2.33 dex (updated to 2.07 dex in Adamo´w et al. 2014),
slow rotation, but no measurement of 12C/13C. The au-
thors consider the eccentricity of the planet’s orbit to be
uncommonly high (e = 0.67), and they argue that the
high eccentricity and stellar A(Li) suggested the inges-
tion of an inner, massive planet. Planet ingestion could
trigger a mass loss event that results in a brief period of
infrared excess (Siess & Livio 1999). BD+48 740 and the
three SSC hosting stars studied here were included in a
recent comprehensive survey of IR excess around known
Li enhanced stars (Rebull et al. 2015), but no excess was
found for any of them.
We can also test whether the A(Li) of our SSC hosts
correlate with eccentricity or any other orbital property.
Table 4 presents the stellar A(Li) and companion orbital
properties of all of the open cluster SSC hosts ordered
from highest to lowest stellar A(Li). These properties in-
clude the companion mass (m sin i), orbital period (P ),
semi-major axis (a), and eccentricity (e). We also list
M⋆ and R⋆ and give the distance of periastron passage
(rperi) as a fraction of the stellar radius. This last prop-
erty gives a sense of the relative importance of possible
tidal interactions between the planet and host star. The
“Ref.” column gives the source of the M⋆ and R⋆ mea-
surement. Both m sin i and a have been recalculated us-
ing the adopted values of M⋆. The table also includes
the planet-hosting field star BD+48 740.
Although BD+48 740 has both the largest stellar
A(Li) and hosts the planet with the largest eccentric-
ity, the trend does not continue in the open cluster
stars. The star hosting the next most eccentric planet
(BD+12 1917) has the lowest A(Li) in this sample. The
only other Li-rich star (NGC 2423 3) does not stand
out from the sample in any orbital characteristic of the
planet. The A(Li) does trend with the orbital periods
of the companions, with the largest A(Li) corresponding
to the longest periods. However, because of the different
stellar masses and orbital eccentricities, this trend does
not extend to the orbital semi-major axes or the perias-
tron passage distances of the companions. Based on this
small sample, there appears to be no obvious physical
connection between a RG’s Li and the orbital properties
9of the companion it hosts.
7. CONCLUSIONS
We have measured spectroscopic stellar parameters
and abundances for nine RG stars in three open clus-
ters, with one substellar companion host in each clus-
ter. The average [Fe/H] for the clusters are found to
be −0.01 dex (NGC 2423), −0.15 dex (NGC 4349), and
−0.06 dex (M67). Our focus is on the A(Li) and 12C/13C
of the RGs to explore whether the presence of planets
affects the stellar Li content either through differences
in stellar mixing (traceable with 12C/13C) or possibly
through the past engulfment of other planets in the sys-
tem. One of the planet-hosts, NGC 2423 3, is found to
be Li-rich and has significantly higher A(Li) than the
two comparison stars we measured. The brown dwarf
host, NGC 4349 127, has the highest A(Li) compared
to its comparison stars; however, one of the compari-
son stars has a similar abundance within the uncertain-
ties. In contrast, the planet host in M67 is nearly identi-
cal to its comparison star in every stellar parameter we
measured, including A(Li) and 12C/13C. Similarly, the
planet-hosting star in the Hyades (a cluster for which
A(Li) and 12C/13C are available in the literature) does
not have any unusual abundances.
Since Li-richness in RGs is a relatively rare phe-
nomenon, only one other planet-host was previously
known to be Li-rich (Adamo´w et al. 2012). Combining
this star with the open cluster SSC hosts, we looked for
a connection between the companion’s orbital properties
and the stellar A(Li). We found that A(Li) correlated
with the companion’s orbital period, but there was no
correlation to the distance of periastron passage or ec-
centricity that would suggest a past planet-star interac-
tion. Additionally, none of the stars show evidence of an
IR excess (Rebull et al. 2015).
The stellar Li content on the RGB is also largely in-
fluenced by stellar mass and the associated differences in
mixing histories. Therefore, we have compared our A(Li)
and 12C/13C to measurements of other cluster stars in
the literature in an attempt to understand the mixing
history of stars and the potential relationship between
A(Li) and whether the star hosts a planetary compan-
ion. In the intermediate mass regime (∼2–3.5 M⊙), our
planet-hosts have some of the highest A(Li). If rotation-
induced mixing is the cause of the A(Li) spread for stars
in this mass regime, this could imply that the planet
hosts had lower MS rotation rates. However, a limita-
tion of this interpretation is the small number of stars in
each cluster that have both A(Li) and 12C/13C. Studying
larger populations of stars in individual open clusters will
better constrain the role of mass and evolutionary stage
on A(Li), providing the opportunity to elucidate the role
of rotation and the presence of planets.
Another limitation of this study is the discrepant mass
estimates for the cluster RGs which limits our knowledge
of the stars’ current evolutionary phases and whether
they have degenerate or non-degenerate He cores. This
limitation is especially problematic for the Li-rich planet
host NGC 2423 3, whose mass estimate is near the divid-
ing mass between these two evolutionary pathways. Its
evolutionary stage would be at the luminosity bump if its
core is degenerate; thus, its higher Li could also plausibly
be due to thermohaline mixing. Improved photometry
for better characterization of the cluster properties and
precise parallax measurements (such as what will be pro-
vided by Gaia de Bruijne 2012) would help resolve the
mass uncertainty.
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